SUMMARY Twenty-three patients with different degrees of renal insufficiency were studied after equilibration on two levels of salt intake. Blood pressure was found to increase after increased salt intake. This blood pressure increase, when related to sodium excretion increase (salt sensttirity index), tended to be larger in patients with a greater loss of kidney function. In fact, the salt sensitivity of blood pressure rose exponentially with tbe decline of the kidney function, which resulted In a linear negative relationship between tbe log of salt sensitivity index and creatinine clearance (r -0.89, p < 0.0001). After increased salt intake, plasma renin activity (PRA) decreased, whereas body-fluid volumes Increased. Concotnitantly, the products of log PRA and extracellular-fluid volume or blood volume decreased (p < 0.005). Weak interrelations were found between increases of body fluid volumes and blood pressure (r -0.49, p < 0.05). When the patients were divided into two groups according to creatinine clearance, Group 2 (creatinlne clearance < 22 ml/mln, n • 13) showed a significantly greater increase of blood pressure for any given expansion of extracellular fluid volume than Group 1 (creatinine clearance > 32 ml/mln, n -9). Moreover, for any given increase in sodium excretion blood volume increased more in Group 2 than in Group 1 (p < 0.03), whereas the increase of extracellular fluid volume was similar in the two groups. Consequently, after increase of salt intake the plasma volume/interstitial fluid volume ratio (PV/IF) tended to decrease in Group 1 and to increase in Group 2. This difference In PV/IF ratio behavior was significant (p < 0.01). A significant interrelation was also found between the salt sensitivity index and change of PV/IF ratio (r =• 0.60, p < 0.01). It is concluded that, with decrease in functioning renal mass, the salt sensitivity of tbe blood pressure increases. This increase in salt sensitivity is accompanied by an increased intra/extravascular-fluld volume ratio after salt loading, which suggests a change of tissue-capillary filtration forces in patients with renal insufficiency. 
were studied as indicators of tissue compliance, a factor thought to play a causal role in end-stage renal hypertension. 11 lf
Methods
The studies were carried out in 23 patients with different kinds and degrees of renal impairment. All antihypertensive medication had been stopped for at least 1 week and diuretics for at least 3 weeks before the start of the study. Patients shown to be unable to conserve sodium during normal intake were excluded. No selection was made on the basis of the BP level. Pertinent patient data are given in table 1, which lists patients according to creatinine clearance (C creat ). Patients were admitted to a metabolic ward, and their daily sodium intake was controlled at two different levels. The lower salt intake level differed slightly among the patients: the diet in Patients 1, 2, 3, 16, 17, and 19 contained 40 mEq sodium, in patient 14 150 mEq sodium, and in the others, 20 mEq sodium. The higher salt intake level was adjusted to the C cre .t in each individual, and in most cases an intake of at least 500 mEq sodium per 100 ml C C re»t was obtained. Thus, all salt intake levels were prescribed individually. In some patients (Patients 1, 3, 5, 8, 13, and 14) the difference between low and high salt intake level was rather small in relation to their renal function, because these patients were to be studied at more than two salt intake levels originally. However, these particular studies were not extended after completion of measurements at two salt intake levels, because of objections of the patients. It is important to emphasize that, like the others, these patients also were in complete odium balance during the measurements. When sodium balance had been achieved on one intake level, as judged from daily sodium excretion (U Na ) and body weight, we measured the extracellular fluid volume (ECV), plasma volume (PV), and supine PRA and BP. After these variables had been recorded, the patient was put on the other salt intake level, and again when sodium balance was achieved, all measurements were repeated. The first salt intake level (low or high) was assigned at random (table 1). 47  33  36  39  31  45  38  34  54   37  54  54  54  62  48  24  67  32  26  63  32  51   44  44   PKD  PKD  PKD  CH  PN  GN  NS  PKD  GN   PKD  AN  GN  PKD  AN  GN  GN  GN  GN  GN  GN  PN LS + HS + The Ccntx given was determined during low salt intake. Lean body mass (LBM) waB calculated from the mean body weight during the study. PKD = polycystic kidney disease; CH = congenital kidney hypoplasia; PN = chronic pyelonephritis; GN = chronic glomerulo nephritis; NS = nephrosclerosis; AN = analgetic nephropathy; LS = low salt intake; HS = high salt intake.
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Blood Pressure During the 3 days after achievement of sodium balance, supine BP was taken four times a day by specially trained nursing staff. These measurements were made at fixed times with a sphygmomanometer using a standard cuff. The pressure at the disappearance of the Korotkoff sounds was taken as the diastolic pressure. Mean arterial pressure (MAP) was calculated from the sum of the diastolic pressure + 1/3 pulse pressure. For statistical analysis we used the mean arterial BP calculated from 12 supine measurements at each salt intake level.
Salt Sensitivity Index
For each subject, the sodium excretion at both salt intake levels was plotted against the corresponding MAP. The slope of the line connecting each pair of points was called the "salt sensitivity index": salt sensitivity index = change of MAP (mm Hg) change of U NaV (mEq.Na.24 hr 1 )
We prefer to use this term here, because each patient was equilibrated at only two salt intake levels, from which obviously a complete renal function curve cannot be constructed.
Measurement of Body-Fluid Volumes
ECV and PV were measured as " B r and U1 J--albumin distribution volumes, as described elsewhere. 1 * ECV was corrected for the erythrocyte " B r content and the Donnan equilibrium. Measurements were done in the supine position after an overnight rest. Blood volume (BV) was calculated from PV and the corrected body hematocrit. Interstitial-fluid volume was calculated from ECV and PV. For the calculations, these fluid volumes were expressed as ml/kg lean body mass (LBM); the LBM was estimated from height (m) and weight (kg), using the following formulas: LBM = 0.407 X weight + 26.7 X height -19.2 for males, and LBM = 0.252 X weight + 47.3 X height -48.3 for females.
These formulas are based on the regression formulas for estimating total body water, established by Hume and Weyers," and the relationship LBM = 100/73 X total body water." The validity of these formulas has been tested sufficiently." Plasma Renin Activity PRA (ng Al/dl'.hr 1 ) was determined radioimmunologically according to a modified Haber method (incubation of undiluted plasma for 1 hour at 37°C and pH 5.6, followed by deproteinization of the plasma with acetone/4N ammonia 9:1 (v/v).
1 ' Sodium and creatinine were determined with standard laboratory techniques (Autoanalyzer, Technicon, Tarrytown, New York).
Statistical Analyses
To detect deviating patterns in patients with severe renal impairment, we divided the patients in subgroups according to creatinine clearance: Group I (Patients 1-9) had a creatinine clearance between 32 and 75 ml/min, and Group 2 (Patients 10-22), between 3 and 22 ml/min (table 1). Patient 23 was not included in either group (see Discussion). Correlations were calculated by the method of the least squares. Differences between the groups were analyzed with Wilcoxon's test for unpaired data, and changes within groups with Wilcoxon's test for paired data.
Results

Changes of Salt Excretion and Blood Pressure in Relation to Creatinine Clearance
Daily sodium excretion, MAP, PRA, ECV, PV, BV, and body weight at both levels of salt intake are given in table 2. In all patients but one (Patient 23), MAP rose after salt intake was increased. Patient 23 showed a decrease of MAP after increased salt intake (23 A), and when the experiment was repeated in the reverse sequence, the MAP rose (23 B) . The data of this patient were not included in the statistical calculations and will be discussed separately. In figure 1 , the salt sensitivity index for each patient was plotted against C c r M t (Co-eat at low salt intake) according to the following equation: salt sensitivity index = change of MAP (mm Hg) change of U NaV (mEq.Na.24 hr 1 )
The salt sensitivity (or curve slope) increased exponentially with decreasing C cntt -When plotted on a semilogarithmic scale ( fig. 2 ), there is a highly significant correlation between salt sensitivity index and C creat (r = 0.89, p < 0.0001). When the salt sensitivity index was calculated from the change of U N «v per 100 ml glomerular filtration rate, thus eliminating differences in Ccr«t among individual patients, no correlation was found with C creat (/• = -0.05).
MAP, Body-Fluid Volumes, and PRA For the analysis of body-fluid volumes, MAP and PRA, patients were divided into two groups: Group 1 (Patients 1-9) with moderate impairment, and Group 2 (Patients 10-22) with more severe renal impairment. Patient data were analyzed both together and separately for these groups. No correlation was found between MAP and ECV, PV, BV (per kg LBM), or PRA, nor between MAP and products of log PRA with ECV, PV, or BV on either level of salt intake. For all patients (patients 1-22) weak correlations were found between changes of ECV and MAP (p < 0.05) and changes of BV and MAP (p < 0.05). Correlation coefficients are given in Table 3 . Significant correlations between changes of ECV and MAP were also found when the groups were considered separately. The relationship between changes of ECV and MAP is given in figure 3 . For any increase of ECV, the concomitant increase of MAP was larger in Group 2 than in Group 1 (p < 0.005). 
Changes of Body Fluid Volumes in Relation to Changes of Sodium Excretion
We calculated changes of body fluid volumes (per kg LBM) per amount of sodium-excretion increase, written as AECV/AU N . V and ABV/AU NaV . The mean AECV/AU N . V in Group 1 was 0.297 (± 0.194) and in Group 2 0.334 (± 0.174) ml/kg" 1 • mEq Na" 1 . This difference between Groups 1 and 2 was not significant. The mean ABV/AU NaV in Group 1 was 0.043 (± 0.032) and in Group 2 0.096 (± 0.058) ml/kg" 1 • mEq Na" 1 . Thus, for any mEq increase of U N «v, the BV rose significantly more in Group 2 than in Group 1 (p < 0.03), whereas the ECV rose similarly in both groups.
Changes of Intrarascular/Extravascular Fluid Volume Ratios
In Group 1, the mean PV/IF ratio was 0.267 (± 0.044) during low salt intake, and decreased to 0.246 (± 0.039) during high salt intake (IF = interstitial fluid volume). In Group 2, however, the mean PV/IF ratio increased from 0.289 (± 0.062) to 0.304 (± 0.064). Changes in PV/IF differed significantly between Groups 1 and 2 (p < 0.01). A similar difference (p < 0.005) between the groups was found for changes in the mean BV/IF ratio, which after increased salt intake decreased from 0.418 (± 0.067) to 0.371 (db 0.049) in Group 1 and remained constant in Group 2 (0.402 ± 0.044 at low salt intake and 0.400 ± 0.056 at high salt intake). Figure 4 plots individual changes in the PV/IF ratio against the salt sensitivity index. The correlation between these parameters is significant (r = 0.60, p < 0.01).
Changes of PRA and Volume-Renin Products
The PRA during low salt intake exceeded the PRA during high salt intake in every patient. In both groups there was, on the average, a fivefold difference between the two levels. As a result, after increased salt intake the products of log PRA and ECV and of log PRA and BV fell in the majority of patients, despite concomitant increase of MAP and body-fluid volumes. These decreases were highly significant (p < 0.0005). In three patients the PRA showed only minor changes. In one of these patients (Patient 14) this was probably due to insufficient difference in salt intake levels, whereas in the other two (Patients 16 and 18) PRA could be regarded as frankly hyporesponsive to salt restriction. 
Discussion
The relationship between salt intake and BP in patients with renal insufficiency has been well known since the work of Ambard and Beaujard" in 1904, and was re-emphasized after the advent of maintenance hemodialysis. 4 ' "• *° Crucial for the understanding of this relationship is the concept that renal salt excretion is determined by arterial pressure. 7 ' 81 It is probable that the more the overall renal function is impaired, the stronger must be the signals needed to induce a given increase in renal salt excretion after a salt load. Guyton et al. 7 introduced the term "renal function curve" to describe the relation between BP and renal salt excretion, and predicted that the slope of this curve would become steeper (i.e., more BP change for a given change in "urinary volume load", or salt excretion) with decrease of functioning renal mass. Moreover, it was shown 7 that the slope of this curve, obtained in isolated kidney experiments, differs from the slope of the curve obtained in intact animals, indicating that in the intact animal other variables (nervous and hormonal factors) interfere.
A problem encountered in designing our protocol was the choice of the appropriate moment for the measurements. Consistent BP changes were found 24 to 48 hours after the start of salt loading in rats,' whereas in dogs a further BP rise was noted after the 6th day of volume expansion.* Moreover, in studying the mechanisms of BP change after changes in salt intake, it should be taken into account that body-fluid volume changes, which have been suggested to precede BP changes, 7 ' ** might be reduced by the muchdebated tissue autoregulation, M occurring at some time after the start of body-fluid volume change. Obviously, the relation between changes of BP and bodyfluid volumes will be affected by this phenomenon. In all our patients, the measurements were done during the 3 days immediately after the achievement of sodium balance. In the majority of the patients, 5 to 7 days were needed to reach the balance state. Thus, the complete study lasted about 3 weeks in each patient.
Relatively few studies have been reported in which the relationship between changes in salt intake and BP was analyzed in (nondialyzed) patients with different . degrees of renal insufficiency. Our present investigation is to our knowledge the first to test this part of the hypothesis in terms of renal function curve, i.e., increasing salt sensitivity of BP with decreasing renal function. As explained under Methods, we prefer to apply the term "salt sensitivity index" here because only two points of the curve were determined. We assumed that both of these points belong to the straight part of the renal function curve because only enormous quantities of salt intake will cause bending of the curve. 7 ' 10 It can be expected that in patients with renal disease, intrinsic differences in renal salt handling as well as various factors of renal origin (e.g., renin) will modulate the salt sensitivity index. This is illustrated by Patient 23, who was able to excrete more salt at a lower BP level. This patient suffered from polycystic kidney disease, a condition known to be associated with "salt losing tendency" in a number of cases. He was able to conserve salt, however, but was distinguished by low PRA and absence of PV change. More such patients should be studied to explain this pattern properly. With this sole exception, the salt sensitivity of BP appeared to increase with decrease of kidney function ( fig. 1) . Indeed, it is remarkable that the log salt sensitivity index in our patients showed such a strong negative correlation with the creatinine clearance (Cmn). regardless of the nature of the underlying kidney disease and absolute BP level ( fig. 2) . We also calculated the log salt sensitivity index for the patients described by Wilkinson et al. 6 as well as for the normal subjects studied by Luft et al. 10 As shown in figure 2, their data correspond well with the relation found in our patients. It thus appears that decrease of C crea t, reflecting overall kidney damage, is accompanied by an exponential increase of the salt sensitivity of the BP. It is concluded that this phenomenon was caused by a larger salt load per nephron in those patients with lower values for C^. t . because no correlation was found between the salt sensitivity index and C cr eat when this index was calculated from the change in U N , V per 100 ml glomerular filtration rate instead of absolute U NaV .
The work of Kawasaki et al.* 4 and Mark et al.
2 * suggests that the salt sensitivity of BP may be increased in patients with essential hypertension. Although their studies did not include normotensive subjects, when we compare their results with those of Luft et al. 10 in normal subjects we can conclude that there is increased sensitivity of BP in hypertensive patients. Also, it was shown that the effect of salt loading on BP in patients on maintenance hemodialysis may be different between patients with and without a history of hypertension." In our present study, five of 23 patients did not have a history of preexisting hypertension. Some of these patients had moderate (Patients 4 and 9) and some severe decrease (Patients 16, 21, and 22) of renal function. Thus, whereas most patients had a history of hypertension, and the normotensives were equally distributed among the patients, it is unlikely that the increased salt sensitivity of BP in patients with more severe renal impairment was caused by a higher frequency of hypertension in these patients. Also, the mean BP during low salt intake was similar in Group 1 (9 patients with moderate renal insufficiency) and Group 2(13 patients with more severe renal impairment).
The mechanism by which increased salt intake leads to increased BP must somehow be mediated by expansion of the ECV and BV. Many investigators have reported a relationship between body-fluid volumes and BP in hemodialysis patients,'-*• ""** and although BP is often corrected after reduction of excess of body-fluid volumes, a consistent relationship between these variables is often lacking. 2 *"* 0 As remarked by others, 1 no such relationship can be expected when another potent hypertensive factor -PRA -is inversely related to body-fluid volumes. Thus, it is not surprising that neither during high salt nor low salt intake correlations were found between BP and ECV or BV (per kg LBM). After increased salt intake, only a weak correlation existed between the increase of these volume parameters and the increase of BP for the group as a whole (table 3) . However, when the groups with moderate renal impairment (Group 1, Patients 1-9) and severe renal impairment (Group 2, Patients 10-22) were studied separately, a significant correlation was found between the increases of ECV (per kg LBM) and BP. As illustrated in figure 3 , this phenomenon is explained by a significant difference in the regression lines. It appeared that in Group 2 a certain increase of ECV was accompanied by a larger increase of BP than in Group 1 (p < 0.005). Also, for any quantum of sodium excretion increase, in contrast to ECV, BV increased significantly more in Group 2 compared to group 1. This resulted in significantly different changes in the PV/IF and BV/IF ratios after increased salt intake in the two groups. As shown in figure 4 , there is an obvious correlation between PV/IF change and the salt sensitivity index (p < 0.01).
Thus, it was found that after increased salt intake, patients with severe renal impairment (Group 2) showed a similar increase of ECV, but a larger increase of BV (or PV) and BP, as compared with patients with moderate renal impairment (Group 1). Parallel to this, PV/IF ratios tended to increase in the patients with severe renal insufficiency, and to decrease in patients with moderate renal insufficiency. As already mentioned, the insufficient kidney will need stronger impulses to excrete a certain amount of salt (levelling the intake) than will the normal kidney. It has been postulated that after salt loading the salt retention itself, by mediation of increases in body-fluid volumes and cardiac output, leads to increased salt excretion. 7 ' " Thus, it can be expected that in patients with severe renal insufficiency salt loading will lead to retention of larger amounts of salt than in patients with moderate renal insufficiency. In our present study, however, we found that for any mEq U NaV increase, a similar rise of ECV occurred in both patients groups, whereas the concomitant rise of BV was significantly larger in the patients with severe renal impairment. It thus appeared that the patients with severe renal impairment did not show the expected larger quantity of salt retention, but instead showed a different distribution of the retained volume, which was directed to the intravascular compartment.
Lucas and Floyer 11 suggested that the control of tissue compliance can be regarded as a nonexcretory function of the kidney. As such, tissue compliance might decrease together with a decline of other functions of the kidney. In rats, both bilateral nephrectomy 11 as well as one kidney Goldblatt preparation' 1 led to a decrease in tissue compliance. A kidneydependent control of PV/IF ratio was also demonstrated in dogs. 11 In our patients we found that with the decrease of overall kidney function after increase of salt intake, a relatively larger part of the retained volume was confined to the intravascular compartment. This tendency toward increase in PV/IF ratio after increased salt intake paralleled the increase in salt sensitivity of BP (figure 4). Thus, also from this study it appears that PV/IF distribution is to some extent controlled by the kidney.
The mean PV/IF ratio during low salt intake was slightly different in Groups 1 and 2 (0.267 vs 0.289). Using similar techniques, Ibsen and Leth" found a mean value of 0.257 (± 0.041) for PV/IF in normal male subjects. The difference in PV/IF between Groups 1 and 2 can be explained by a lower hematocrit in Group 2, since the mean BV/IF ratios were similar in the two groups.
Because of the inverse relationship between the major determinants of BP, i.e., body-fluid volumes and PRA, 1 -" several investigators attempted to find a relationship between BP and the product of (log) PRA and body-fluid volumes.
-" •
w From these studies it appeared that, in end-stage renal hypertension, PRA is increased relative to body-fluid volumes, 3 -** especially in uncontrollable hypertension.
1 -' In hemodialysis patients, weak correlations have been reported to exist between BP and the products of log PRA and BV as well as ECV, M whereas in a similar study such a relationship was only found for the product of log PRA and BV. 29 In that paper 1 * the majority of the patients were reported to have body-fluid volumes "close to normal." In our study no such correlations could be established; however, these products of log PRA and body-fluid volumes decreased significantly after increased salt intake in the majority of our patients, while BP increased. It is therefore evident that these products cannot be considered good determinants of BP. Only when body-fluid volumes are kept close to normal, as is generally aimed at in hemodialysis patients, can some positive correlations between BP and the products of log PRA and body-fluid volumes be expected, especially when in uncontrolled hypertension the PRA level becomes a major determinant of these products. Only in those patients who displayed very low PRA values during low salt intake (Patients 14, 16, and 18), were relatively small decreases or even increases of log PRA-volume products found after increased salt intake.
Finally, it has been suggested that, in the majority of patients with end-stage renal failure, hypertension is caused by sodium retention without appropriate suppression of the renin-angiotensin system.' Our results suggest that this is not a feature of nondialyzed patients with renal insufficiency. In both Groups 1 and 2, PRA increased fivefold during salt restriction, which, when related to the change of ECV in these patients, indicates a reactivity of the renin-angiotensin system similar to that found in normal subjects. 1 Also, in patients whose BP was in the hypertensive range at both salt intake levels (10 of 22 patients), the increased salt intake was accompanied by a normal response of renin suppression.
In conclusion, the results of our study suggest that in patients with renal failure the salt sensitivity of the BP increases exponentially with the decrease of overall kidney function: comparison of patients with moderate renal failure to those with severe renal failure shows that salt loading in severe renal failure is followed not only by a larger rise of BP but also a larger increase of the intravascular fluid volume. The resulting increase of intra/extra-vascular-fiuid volume ratio in these patients indicates a change of capillary filtration forces directed to the intravascular compartment. Further investigations are needed to understand the physiological basis of this change. Moreover, since the products of body fluid volumes and log PRA decreased after increased salt intake, in view of the concomitant BP rise, the value of these products as BP determinants is greatly limited.
